INTRODUCTION
Although the development ofphotometric titrations spans almost 40 years, the methods arestill not fully appreciated. Many believe that the techniques are only advantageaus if the titration is to be automated, or if the colour change at the end-point is difficult to detect by eye. It is true that the latter point makes photometric titrations very attractive to the microchemist; however, a great many analysts have not recognized the fact that they have other intrinsic advantages. They permit selective and consecutive titratious, and furthermore determinations may be effected which are scarcely possible with other titrimetric methods. This underestimation of the methods is remarkable because the pioneers in the field (e.g., Ringbom, Hume, Underwood, Musha) have dealt with all the possibilities from a theoretical point of view, and have also given practical examples.
There are two reasons for this si tua tion. Firstly, the theoretical basis of photometric titrations is frequently not sufficiently appreciated, so that conclusions which are important for carrying out such titrationsarenot drawn. Secondly, the situation with regard to photometric titrators is not completely satisfactory. In this paper it will be shown that it is often possible to solve quite tricky analytical problems, if the various techniques are appropriately classified and treated theoretically, and the hints obtained from such treatments applied to the problern in question. A newly developed phototitrator will also be described.
CLASSIFICATION AND APPLICATION OF TECHNIQUES
For a theoretical treatment it is convenient to classify the various types of techniques according to the titration curves, and to differentiate between logarithmic and linear titrations. For a logarithmic titration, the curve is obtained by plotting volume of titrant solution (abscissa) versus some parameter which is a logarithmic function of the concentration of one (or more) of the species participating in the titration reaction. Examples of this type are acid-base titrations (pH = -log [H+]), potentiometric titrations (potential as a logarithmic function of concentrations, expressed by the Nernst equation), or complexometric titrations (pM = -log [M]). For a linear titration the curve is obtained by plotting the volume of titrant solution ( abscissa) versus a parameter which is directly proportional to the concentration (C) of one (or more) reactant. Examples of this type are amperometric titrations ( diffusion current proportional to C) or conductimetric titrations (conductance proportional to C).
A typical logarithmic titration curve begins with a fairly flat portion, bends to a steep "jump" and then Ievels off again. The end-point is located in the steep portion of the curve. A typical linear titration curve consists of two straight line portions with different slopes; the intersect of these lines is taken as the end-point. With a "good" logarithmic titration it is not difficult to fix the end-point within a small fraction ofa millilitre oftitrant either by thejump ofthe curve or by indicating thejump with a visual indicator. With a "bad" titration, however, the jump is not weil pronounced; the curve "glides" with insufficient slope through the region around the equivalence point and it is difficult, or even impossible, to locate the end-point precisely.
It must be realized that in a logarithmic titration the end-point is located under conditions which, from the point ofview ofthe titration equilibrium, , are most disadvantageous. To emphasize this point the case of a simple, complexometric titration will be discussed. With omission of the charge signs, the titration equation may be written as:
M+Y~MY
where M, Y, and MY are the metal ion titrated, the titration Iigand and the complex formed, respectively. At the equivalence point, equivalent amounts of M and Y are present and the dissociation of the complex MY, and therefore the unfavourable shift of the equilibrium to the left, can proceed to the greatest extent.
The situation in a linear titration is quite different. Here, the initial and final portions of the titration curve rather than the region around the equivalence point are used. At the beginning of the titration M is in excess and a shift of the equilibrium to the right results. Far beyond the end-point Y is in excess and again complete reaction is favoured by a shift to the right. Therefore, in these two regions, the curve tends to show a good approximation to a straight line. Nearer to the equivalence point, more dissociation is possible and consequently, greater deviations from linearity are observed. At the region around the equivalence point a pronounced curvature may occur. However, such curvature is ofno consequence since this region is not used for locating the end-point, which is found by extrapolating the two straight line portions to their intersect.
The practical consequences of this situation are that, with respect to the equilibrium, the requirements for a linear titration are much less stringent than those for a logarithmic titration. For a complexometric titration involving the formation of a 1 :I complex, the product of concentration and effective stability constant, that is, K'CM is the prime parameter governing the feasibility of a titration. I t can be deducted mathematically that this product has to be about 106 or possibly 105 for a visual titration to be satisfactory. If a potentiometric technique is used, a K'CM of 104 will still give a reasonably weil formed titration curve. If, however, the same titration is effected linearly, (e.g. amperometrically), a K'CM of about 102 is quite permissible. Fora given titration, that is with a given K', the titration can be performed with the same precision with a linear technique in a solution which is about 100 times more dilute than that which is required with a logarithmic titration. Conversely, for a given concentration, a system with an effective stability constant 100 times lower than that which would be needed to use a logarithmic technique can be readily titrated linearly. The numbers, of course, have tobe used with caution and are only approximate, because there are also other parameters which enter into the calculation. However, a linear titration is clearly superior to a logarithmic one.
Photometrie titrations have not so far been mentioned in any of the examples given. The reason for this is that such titrations can be performed not only linearly but also logarithmically ( although, as will be seen, "quasilogarithmic" may be a more appropriate term).
In order to consider the problern further it is important to introduce an unambiguous terminology for the classification of techniques. To start with, let us discuss a titration in which a visual indicator is used but where the colour change is followed photometrically. If the indicator in one or both of its forms is the only absorbing species in the solution, the titration curve (absorbance versus volume of titrant) consists of a horizontal portion which is followed by a steep rise or fall, after which another horizontal portion occurs. The end-point is located in the steep portion. The curve shows a weil pronounced step and consequently it is appropriate to term such a titration a "step titration"l. If the substance titrated, the titrant or the reaction product also absorbs, the initial and final portians of the titration curve are no Ionger horizontal but more or less sloped; the step, however, is still quite pronounced and is again taken for location of the end-point. The titration is logarithmic (restrictions will be mentioned later) because the indicator indicates the pM jump of the titration. The similarity of the titration curve with that obtained for example in an acid-base titration is quite obvious.
Consider next a titration which proceeds per se with a colour change. The addition of an indicator is not necessary as it is a "self-indicating" system. The titration curve now has quite a different form. It no Ionger consists of three approximately straight portians which combine to form a step, but of just two portians of differing slope. The intersect of these two portions is taken as the end-point. This, of course, is the ideal situation. In practice there will be some curvature around the equivalence point but, as already pointed out, this is of no importance. Depending on the absorptivities of the substance titrated, titrant and reaction product, the curve is a symmetrical or distorted "V", or more frequently it is of the horizontalsloped (e.g. Fe(II) titrated with Mn04 -) or sloped-horizontal type (e.g.
Cu2+ titrated with EDTA).
So far the term "indicator" has been applied to a substance which undergoes a colour change at the end-point and which is added to the titration solutioninan amount much smaller (say 0·1-1 per cent, or less) than that of the substance to be titrated. In photometric titrations, however, there is another type of "indicator" applicable. It is possible to indicate a system which, by itself, shows no absorption changes during titration with a selfindicating system. A classical example of this type of indicator is the EDTA titration of bismuth using copper as the indicator as reported by Underwood2. Bismuth forms a more stable complex with EDTA than does copper and, consequently, upon addition of titrant complexes first. At the wavelength selected to follow the titration neither bismuth nor its EDTA complex absorbs, and thus the titration curve is horizontal. After all the bismuth is complexed, the copper is transferred from its weakly absorbing aquo complex to the stronger absorbing EDT A complex and the curve rises. Thus two straight portions are obtained and their intersect is taken as the endpoint for the bismuth titration.
Copper, in this connection, is often termed a "photometric indicator". This name is quite correct; however it does not convey the peculiarity of the situation. There is quite a difference between copper as indicator in the bismuth titration and, for example, methylorange in the photometrically followed titration of hydrochloric acid with sodium hydroxide. The copper is not added in a relatively negligible amount, but may be present in a concentration close to or even greater than that ofthe bismuth. Furthermore, there is a distinctive difference in the shape ofthe titration curve. With methylorange as an indicator in the usual sense the curve shows two abrupt changes of direction and is clearly a step, while the other curve shows only one change in slope which is usually less abrupt. It has therefore been proposed to call the latter type of indication a "slope indication"l.
The consequences of a slope indication can be marle clearer by taking the example further. Let us assume that the copper has not been added as the slope indicator but that, from the beginning, it was present in the solution as a constituent of the sample. It is now possible to add more titrant to complex the copper and to obtain another change in slope when all the copper has reacted. This second change corresponds _to the titration of the copper, and using the titrant required between first and second slope changes, the amount of copper present can be calculated. Thus it is possible to determine both constituents of the solution from one titration curve.
Let us now consider the analogous situation with a step indicator. The first condition is, of course, that an indicator be available which reacts only with the bismuth, otherwise the titration would give the sum of the two metals. If such an indicator is present the solution at the beginning of the titration contains the following species: free BiS+, free Cu2+, some bismuthindicator complex and a trace of free indicator. Upon addition of EDTA, at first all the free bismuth is complexed. Mter the free bismuth is used up the EDTA should attack the bismuth-indicator complex. However, this will happen only ifthe indicator complex is relatively weak; otherwise, the EDT A will react with copper and only after all the copper is reacted will the bismuth-indicator complex be decomposed. The end-point will then occur only for the sum ofboth metal ions present. Thus a second requirement must be fulfilled, namely, that the complex between indicator and meta! titrated first be su:fficiently weak to react with the titrant before the second metal is complexed. In the present example the situation is favourable because the difference in the stabilities of the EDTA complexes of bismuth and copper is su:fficiently !arge to allow a relatively high stability of the indicator complex. However, with other systems the situation is much less favourable and selective titrations cannot be performed even if an indicator is available which reacts only with the meta! that complexes more strongly with EDT A. However, if in such cases, slope indication is used, the requirements with respect to the difference in the stability constants of the two metal-titrant complexes are much less stringent, and selective or even consecutive titrations are possible. There is an important difference between step and slope indication other than the amount of indicator and shape of the titration curve. The step indicator reacts with the substance to be titrated while the slope indicator does not. The situation with slope indicators is therefore more favourable because, with respect to the substance titrated, one less equilibrium has tobe taken into account.
It will now be shown how selection of suitable conditions can Iead to selective titrations. The titration of cadmium in the presence of zinc with EDTA as the titrant is not possible because the stability constants of the respective complexes are too close. The situation is somewhat more favourable if EGTA [bis-(aminoethyl)glycolether-tetraacetic acid] is used3. As can be seen from Table 1 the constants of the two complexes already differ by 3·2 logarithmic units. However, to judge the feasibility of a titration, the effective stability constants must be employed. If the titration takes place in a solution of pH = 10 which contains an ammonia buffer with [NHa] + [NH4+] = 0·1 M, the effectiv~ constants are obtained by consideration of the a-factors. The corresponding data are given in Table 1 .
Since zinc forms the more stable amino complex, the effective constants under these conditions differ by 4·8 logarithmic units. This difference is still not sufficient for either a visual or a photometric logarithmic titration. Moreover, there is no known indicator that reacts selectively with cadmium in the presence of zinc. However, for a slope titration the difference of 4·8 units is more than sufficient; but there is no convenient wavelength range within which either cadmium or zinc or their EGTA complexes absorb selectively. Consequently, it is necessary to add a slope indicator, for which copper seems tobe a possible choice. The stability constant of its EGT A complex is higher than that of the cadmium and zinc complex (see Table 1 ) but the situation is even better with regard to the effective constants since copper forms by far the most stable amine complex. Thus, under the conditions selected, cadmium shows the highest effective constant and will react first with the titrant. 
The titration of cadmium in the presence of zinc proceeds as follow~. The sample solution is treated with an ammonia-ammonium chloride buffer ( the concentration is not critical) and some copper sulfate solution is added. The titration is then carried out at 700-750 ID!J.. The titration curve is at firsthorizontal (complexing of the cadmium) and then slopes downward in a very pronounced change ( complexing of the copper). The slope of the inclined portion depends on the concentrations of zinc and ammonia be~ cause, depending on these concentrations, zinc complexes to varying degrees simultaneously with the copper. The slope change, however, is well pronounced up to a Zn:Cd ratio of 500:1 and permits an accurate determination of the cadmium. It has been pointed out above that photometric titrations may be performed either linearly or logarithmically. This statement requires some discussion. A photometric titration is based on Lambert-Beer's law according to which (with some restrictions) the absorbance observed is proportional to the concentration of the absorbing species. Consequently, if, in a photometric titration, volume of titrant is plotted versus absorbance, such a titration is by definition a linear one. The tricky point in question is "absorbing species". In a step titration, the absorbing substance is the indicator. The narrow portion of the step, that is, the distance between upper and lower slope change (or reverse), actually corresponds to a linear titration. The actual species titrated in this region is the indicator, and its concentration can therefore be determined from this part of the abscissa. When conducting a step titration the interest is not in the indicator concentration but rather in the amount of substance titrated, and the step is only an indirect means of locating the pM jump in the titration curve of the metal being determined. The photometric step titration is thus linear with respect to the indicator, but logarithmic with respect to the substance determined, and from this point of view the term "quasi-logarithmic" would be more a ppropria te.
Furthermore, it was pointed out above that the term "indicator" commonly implies that this substance is present in a rather low concentration. This is at least the ideal case. For titrations in the micro range, however, it is frequently necessary to deviate from the ideal situation. To have the indicator present in the theoretically desirable concentration would result in colour effects which were too small to be decernible by eye. This is one reason why microtitrations favour replacement ofthe human eye by a moresensitive photodetector. Even then, it is sometimes necessary to operate with a nonideal concentration ratio of indicator to substance titrated. Under such conditions, the step is expanded and it is no Ionger unimportant to consider whether an extrapolation to the upper or lower bend in the step is taken as the end-point. The equivalence point may also be in the middle of the step. An extensive computer programme for the rapid calculation of photometric titration curves has been conducted and numerou.s curves for various values of the different parameters plotted4. The evaluation of these curves permits a clear and unambiguous selection of the appropriate extrapolation procedure. It mu.st suffice to state here that the problern is solved; to make more detailed statements would be to go beyond the scope of the present report.
However, it is of interest to show, for an isolated case, the changes in the titration curve that would be observed if the concentration of an indicator in a step titration were progressively increased until it finally exceeded that of the metal titrated. The example is taken from the computed results for a case with a given metal ion concentration and a given stability constant for the complex. In order to obtain comparable step heights the absorptivity was changed accordingly. The same effect would be obtained in practice by appropriately decreasing the length of the light path through the solution. As can readily be seen fromFigure 1, with a low indicator concentration there is the typical picture of a step titration. The end-poirrt can be precisely obtained by extrapolating towards the lower bend of the step. If the indicator concentration is increased the character of a step titration is no Ionger well pronounced. This is, of course, to be expected since one criterion of step titration, namely that the relative concentration of the indicator be very low, has been relaxed. If the indicator concentration exceeds that of the metal, it can be seen at a glance that the system is no Ionger stepindicating. The metal is taken away from the metal-indicator complex during the whole course of the titrationrather than only at the end as in a correct step titration. In other words this is now a self-indicating system. In order to avoid confusion reference will no Ionger be made to an "indicator", but, the substance will be called a "dye". The dye functions in this titration in exactly the same fashion as, for example, does ammonia in the titration of copper. It converts the reacting species into another species, which is more strongly absorbing so that the titration can readily be followed photometricall y. It will now be shown that this metamorphosis from step indication toself indication is not only of theoretical interest but possesses far-reaching practical consequences 1 . In a solution of pH = 10, the dye Calmagite is blue and forms a relatively stable, intensely red complex with magnesium while it reacts only very weakly with calcium. Ifthis dye is used as indicator (in the common meaning of the word) in the EDTA titration of a solution containing calcium and magnesium only the sum of the two metals can be determined. This situation can be altered very little even by employing a photometric end-point detection, since the magnesium that forms the weaker EDTA complexmakes the end-point. However, thesituation changes if more dye is added than equivalent to the magnesium present, thereby creating the self-indicating system Mg-Calmagite which can possibly be used as the slope indicator for the titration of calcium. Under this new condition the titration curve at first proceeds nearly horizontally, because calcium complexes very weakly with the dye and the change in absorbance is consequently very small. Mter all the calcium is complexed, a sharp decrease in absorbance is observed and the titration curve descends linearly until all the magnesium is taken away from its dye complex. Then the curve bends towards horizontal again since addition of the non-absorbing titrant produces no effect on absorbance. The situation is fully analogous to that in the titration of bismuth-copper. The calcium corresponds to the bismuth and the self-indicating system magnesium-Calmagite to the copper aq uo-complex.
The deliberate application of substances which are commonly used as metallochromic indicators to create self-indicating systems in this way, and the utilization of these systems as slope indicators, have brought success in several of the cases that have been studied so far. Especially impressive are the results obtained with meta! pairs which are known to provide analytical difficulties. I t is, for example, possible to use zincon5 and murexide6 to transfer zinc into a self-indicating system and to utilize it as sfope indicator for cadmium. Both metals can then be determined from one titration curve. With Xylenol Orange(XO) it is possible to create the selfindicating system gallium-XO and to use the latter as slope indicator for indium, which is prevented from reaction with the dye by masking it with chloride. Several more binary systems are under investigation.
Of course, the procedure is not restricted to the application of metallochromic indicators. Any suitable substances may be used. However, since the metallochromic indicators as well as their metal complexes exhibit high absorbances they are especially suitable for application in microdeterminations. Microgram and sub-microgram quantities of metals can be titrated rapidly and with astonishingly high precision and accuracy.
The examples cited so far are taken from the field of complexometry but, of course, the principle can be applied to any other suitable type of titration where a self-indicating system exists or can be created. Consecutive titrations are then possible which cannot be performed in such a simple manner when using step indication. The principle is not at all new, but it seems that its potentialities have not been recognized and that its deliberate application in practical analysis has been neglected. The possibility of consecutive titrations is of especial importance for the titration ofmicrogram and sub-microgram amounts, because, in this range,separation and operation with aliquot portions introduce far more difficulties than when working with !arger amounts. Consequently, the microanalyst should use this technique and should appreciate more than anyone eisethat photometric titrations are methods which can do more tha:n. just replace the human eye in some cases where colour changes are difficult to observe.
APPARATUS
In the introduction it is mentioned that the situation i~ not entirely satisfactory with regard to the apparatus for photometric titrations; what should and could be clone to achieve some improvement will be discussed briefly. In the majority of cases commercial photometers, which have actually been designed and constructed for a somewhat different purpose, are used for photometric titration (automation will not be discussed here). Although photometric titrations and photometric determinations have many points in common there are sufficient differences to create an unfavourable situation if a photometer is used as a titrator. Only a very few photometers are constructed in such a way that they can readily be used in titrations as e.g., the Lange colorimeter; even then the restrictions are only too apparent. In most cases the conversion of a photometer to a titrator, especially for routine analysis, requires some drastic changes. For these reasons many authors have elected to construct simple titrators in their own laboratories. All the proposed changes of commercial photometers, and all the special constructions, cannot be reviewed here. However, the desiderata of an ideal titrator will be dealt with briefly in order to develop the principles for the construction of a versatile instrument. In our opinion the main points to be considered are the following. (i) The ability to work without excluding ambient light; this allows observations to be made on the solution during titration, and avoids restrictions in the size of vessels that can be accommodated in a light-tight compartment. (ii) The possibility of ex:-panding the scale above the 100 per cent T point in order to increase sensitivity and permit titrations where only small absorbance changes result. There are two possible ways to facilitate working in ambient light. The first possibility is that one may use an ex:tremely strong light source and weaken the beam after it has passed through the sample by means ofthe filter ( or other monochroma ting device) and an additional grey wedge, grey fil ter or diaphragm. Since the ambient light is weakened by the same degree as, and since to begin with it was much weaker than, the exciter light, its intensity on reaching the photodetector is so low that it is negligible. With a strong exciter lamp it is difficult and expensive to maintain the stability necessary fortheperformanceofalineartitration. Thus thisprincipleismainly used with automatic titrators where commonly an abrupt and very pronounced absorbancechangeis exhibited upon theaddition ofasmallvolume oftitrant, and the changes caused in the photoreceptor output are only used to trigger a relay.
The second, and rarely exploited, possibility is the use of chopped exciter light which causes an a.c. output in the photodetector. This a.c. signal can readily be separated from the d.c. output resulting from the ambient light. Amplification of the a.c. output is easy and usually necessary in order to permit linear rectification before it is fed into the meter. Thus, low intensity light sources, which are readily and inexpensively stabilized, may be used; however, the electronic outfit is elaborate, and exclusion of ambient light is still necessary to a certain degree in order to avoid overloading the detector.
At the first Pennsylvania State Congress we reported on the development of a phototitrator which operates on the following new principleS. The exciter light leaves the lamp housing as a fairly parallel beam, passes through the titration cell, and then enters the detector housing through an interference filter. The light is then condensed by a lens and focused on a detector. The detector is a silicon diffused photoduodiode (Texas Instrument Co. 1N2175) of high sensitivity and with a very small light-sensitive area (less than I mm2). Only light which enters the detector compartment within a certain small angle reaches the detector. The amount of ambient light within this angle is very small, and only that part of it which passes through the interference filter enters the detector compartment; this amount was found tobe negligible. Therefore, a very weak exciter lamp (6 V and less than 1 A) can be used; the lamp is fed from a Iead storage battery which provides a very constant source. The photodiode operates under a bias ofup to 50 V. Wehave used a 16 V mercury battery which lasts several years due to the low current drain. In addition to that, only a few 1·esistors and an iris diaphragm are required for the necessary adjustments. The instrument has been successfully applied to all kinds oftitrations over several years, and fulfils the requirements of simplicity, stability, moderate cost, expansion of scale and ambient light conditions. However, it is not possible to change the length of the light path by simple means other than changing the titration vessel.
The ideal approach to the problern of path length adjustment would be a complete reversal of the usual situation; that is, instead of placing the titration solution into the instrument, the instrument, or part of it, would be put into the solution. This approach was attempted many years ago; many experiments were performed but no fully satisfactory arrangement was found. In the meantime, attempts have been made by other workers. Agazzi and Bond9, for example, have described the following device: a tube, containing a smalllamp and lens arranged so that the light beam passes out sideways, dips with its lower closed end into the solution. Mter the light beam has passed through the solution for a given distance it enters a similar tube which contains a filter and a small photodetector. The two tubes are held at a fixed distance from each other. The device enables titrationstobe made in vessels with no upwards restriction to volume, and thus solves the problern found in this respect with most titrators. However, the length of the light path is fixed, changing of filters is not readily accomplished and the size of the device imposes severe restrictions on the minimum ofliquid which can be titrated. Exclusion of ambient light is, of course, mandatory.
A much better arrangement would be provided by the following system. The light enters the solution through an immersing tube with the lower end closed by a flat glass plate. After passing a certain distance through the solution the direction of the beam is reversed through 180° by means of prisms or mirrors. Then it leaves the solution through a second tube, parallel to the first, and is conducted to the monochromator and detector. Changing the distance between the ends of the tubes and prism or mirrors would allow a continuous adjustment of path length. Employing chopperl light, or any of the other procedures mentioned, it would be possible to work in ambient light. Experiments with such a device, however, have not yet brought about a satisfactory solution, at least not with a sufficiently small apparatus.
In the meantime, another instrument has been developed which is, so to speak, a compromiselo. The basic construction and mode of operation can be seen in Figure 2 filter and passes through an interference filter ( or an interference wedge with a narrow slit). Finally, it is focused by a lens on the photodiode, according to the principle applied in the previous titrator, namely that only light subtending a small angle can reach the detector. The volume of solution which can be used is variable within a wide margin according to the form and capacity of the vessel selected. The light path can be continuously adjusted between zero and about 20-25 cm. Because of the advantage of a completely flat bottom it is recommended that special vessels are built by simply gluing (Epoxy glue has served weil) glass or plastic tubes to glass or plastic plates. However, it is also possible to use conventional beakers if care is taken to select those without wrinkles in the bottom. Small optical imperfections can cause deviations of the light beam sufficient to prevent optimal energy transfer to the small light-sensitive spot on the detector. However, the focusing can easily be readjusted by moving the detector, which is mounted on a stripperl-down microscope stage. One only needs to turn the two screws un til maximum deflection of the galvanometer is obtained. The supporting box contains the resistors for adjusting zero electrically, and for suppression of zero and expansion of the scale. The resistor for changing the light intensity is fixed in a separate little box, which is mounted at the side of the large support compartment, in order to avoid dissipation of heat to the photodetector. A shutter which closes automatically when the interference filter is removed, another shutter which blocks the light beam for adjusting zero, and some other items are details of importance for the proper functioning of the instrument, but do not affect the principles involved in its operation. The light tube designed for macrotitrations can readily be exchanged for a smaller one (0·5 cm diameter and about 4 cm length) for microtitrations. With appropriate vessel dimensions it is possible to perform titrations in 1 ml of solution and with a light path that can be varied from 0 to 2 cm.
Further modifications to make the instrument suitable for various conditions are readily possible; for example, it is possible to perform titrations with an extremely small volume by placing a sample drop on a glass plate and keeping it there by immersing the macro light tube. If the outer rim of the tube is siliconed, and if a circle with silicone is applied to the glass plate, the drop will not flow apart and, with the inner area of the circle and the plate at the light tube made perfectly wettable, it is possible to draw the drops to a certain length and thereby increase the length of the light path. The titration is performed with the tip of an ultra-microburette dipping into the liquid on one side, and a vibration stirrer on the other.
An instrument has thus been designed, which can be used to titrate a theoretically unlimited volume as well as a fraction of a millilitre. No exclusion of ambient light is necessary and the length of the light path can be varied within wide limits. The price of the components is quite moderate, and no more equipment is required for its construction than is commonly found in the workshop of an institute. Automatization is readily possible by using a piston-driven burette and feeding the output of the detector into a recorder or, after appropriate switching, to a burette-triggering relay. This new instrument has been used for some of the investigations reported above and its operation· was fully satisfactory. With this instrument and with the deliberate application ofthe principles outlined above, it is expected that more results of interest to theoretical and applied analytical chemistry will be obtained. 
